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Abstract
A mathematical formulation for particle states and electronic properties of a curved
graphene sheet is provided, exploiting a massless Dirac spectrum description for
charge carriers living in a curved bidimensional background. In particular, we
study how the new description affects the characteristics of the sample, writing
an appropriate conductivity Kubo formula for the modified background. Finally,
we provide a theoretical analysis for the particular case of a cylindrical graphene
sample.
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1 Introduction
The Dirac equation is a relativistic wave equation which describes the behaviour of spin
1/2 particles. The reformulation of the Dirac formalism in curved backgrounds is an
intriguing field of research due to its considerable applications in high-energy physics,
quantum field theory, gravity, cosmology and condensed matter.
The above areas of study describe very different aspects of physics, and the con-
siderable gap between different branches is due to the independent formulation and
development of the single fields of research. Some instances of exchange of ideas and
techniques between different areas are the physics of superfluids [1–3], the AdS-CFT
correspondence [4–6], the possible coupling of the gravitational field with the condensate
in a superconductor [7–9], the concept of topological defect [10–12], the study of the
Unruh effect in ultracold atoms [13, 14]. Some recent developments in material science
provide a new connection between condensed matter, high-energy physics and quan-
tum electrodynamics. In particular, the study of the physics of carbon-based materials
like graphene opens a window on the possibility of new direct observation of quantum
behaviour in the curved background of a solid state system [15, 16].
Graphene crystals were first produced in 2004 as two-dimensional, single carbon
atom sheets [17, 18]. Unlike conventional systems, whose charge carriers are described
by the Schro¨dinger equation with effective mass, graphene’s charge carriers are char-
acterized by an equation describing two-dimensional massless Dirac-fermions [19, 20].
This gives the possibility to study quasi-relativistic particle behaviour at sub-light speed
regime [21] and, as a consequence of this, many high-energy particle physics effects can
be measured in a solid state system [22, 23].
From the perspective of high energy physics, graphene can provide us a real frame-
work to study what is believed to be (as close as possible) a quantum field in a curved
spacetime, with measurable effects pertaining to electronic properties of the sample
itself. The peculiar structure of a graphene sheet determines a natural description
of its properties in terms of massless, relativistic Dirac pseudoparticles [24]. In the
honeycomb lattice structure, there are two inequivalent sites per unit cell; the latter
distinction is not referred to different kind atoms (since they are all carbons) but is
related to their topological inequivalence: that is how the two-component Dirac spinor
emerges, the description being resistent to changes of the lattice preserving this aspect
of the structure.
The relativistic behavior of the charge carriers can be inferred from the dispersion
relation between energy and (quasi)momentum. In the momentum space, the valence
and the conductivity band touch at inequivalent points, near which the spectrum is
linear in the Fermi velocity vf : this behavior is expected in a relativistic theory, whereas,
in a non-relativistic system, the dispersion relations are usually quadratic1[25].
1 a graphene sheet is relativistic in the sense of the Fermi velocity as limiting speed
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Dirac physics can be realized for our quasiparticles considering low-lying energy
excitations (E < Ea ∼ vf/a). If we consider energy ranges below Ea, the electrons
wavelength is large compared to the lattice length a, so that these charge carriers see
the graphene sheet as a continuum, justifying the quantum description in 2+1 spacetime.
Moreover, quasiparticles with large wavelength are sensitive to sheet curvature effects,
claiming a quantum field formulation in curved spacetime2[24].
From an experimental point of view, graphene exhibits particular electronic proper-
ties which allow the observations of quantum reactions, such as an anomalous quantum
Hall effect [26, 27] or strain-induced pseudomagnetic fields [28, 29], opening also the pos-
sibility to study exotic phenomenons like Unruh effect [30]. The particular mechanical
properties of graphene sheets have also suggested immediate applications, such as its
use in composite materials [31]. In addition to this, graphene presents other experimen-
tal responses based on the well-known Klein paradox [32, 33]: the latter is associated to
the particular electronic-transport properties of the graphene sheet, while it was pre-
viously discussed only for high-energy phenomena regarding nuclear physics and black
holes [34–36]. The description of the electronic spectrum of graphene through the Dirac
equation was used to analyse the electron-phonon coupling in large fullerene molecules
[37, 38], the surface states of a topological insulator [39], the appearance and coupling
of effective gauge fields in the honeycomb lattice of carbon-based materials [15, 40].
A new possible development comes from the study of particular curved configu-
rations of a graphene sheet, the peculiar electronic properties of the material charge
carriers derived from the previously discussed massless Dirac description in a curved
background [37–43]. The choice of the geometry, the corresponding parametrization
and the quantization of some physical quantities, can lead to characteristic observable
effects. In particular, some optical responses of the graphene sample can be obtained
in peculiar ranges of energy, giving rise to new experimental effects and observations.
In the following, we will apply the formalism of quantum field theory on curved space
in order to appropriately describe the Dirac-like spectrum of graphene charge carriers.
We will also study the influence of sample structure on the electronic transport, and how
optical measurements in graphene sheets are determined by geometry and microscopical
disorder. The work is organized as follows.
In Sect. 2 we will illustrate the construction of the Dirac equation in curved back-
grounds, introducing the vielbein formalism and giving an example of parametrization
in cylindrical space. Then, in Sect. 3 we will define some optical properties of a curved
sample, providing a consistent formulation of the Kubo formula for the optical conduc-
tivity in a bidimensional background and a correspondent formula for its polarization
property. In Sect. 4 we will see how the massless Dirac spectrum can be used to describe
particle states and electronic transport in a graphene cylindrical sheet. In particular, we
2 one should also ask the curvature to be small compared to a limiting maximal curvature related to
the lattice length; if not the description cannot be done in terms of a smooth metric, implying also a
bending of the very strong s-bonds, that is an instance that does not occur
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will study how the new description affects the optical properties of the sample, obtain-
ing the new form for the Hamiltonian and the velocity operators in the curved space;
they are subsequently used to write the correspondent conductivity Kubo formula for
the modified background. We will also provide a theoretical analysis and interpretation
of the results, giving some experimental predictions. Finally, in Sect. 5 we will analyse
the obtained results and propose some possible future developments.
2 Dirac equation in curved space
2.1 Basics on Dirac equation
The Dirac equation was the final result of the construction of a relativistic field equation,
whose squared wave function modulus could be consistently interpreted as a probability
density. To satisfy this requirement, the equation is of first order in time-derivative,
while relativistic invariance requires the equation to be first order in space-derivative
too [44, 45]. The most general form for this kind of wave equation is3:
i
∂ψ
∂t
= (−iαi∂i + βm) ψ = Hˆ ψ . (1)
The final explicit form of the above equation must have some properties:
i. it must be Lorentz-covariant, implying Poincare´ invariance;
ii. the solution ψ must satisfy the Klein-Gordon equation (mass-shell condition);
iii. a suitable conserved current, written in terms of ψ, must have a positive-definite
0-component, which can be interpreted as the probability density.
To satisfy the above prescriptions, the α, β matrices are required to be anticommuting
and to square to the identity, namely:
{αi, αi} = 2 δij 1 , {αi, β} = 0 ; (αi)2 = β2 = 1 , (2)
with no summation over i in the third relation. If one introduces the new set of matrices
γ0 ≡ β , γi ≡ βαi , (3)
the conditions (2) can be rewritten in the form:
{γa, γb} = 2 ηab 1 , (4)
that is usually referred to as Clifford algebra, where i = 1, . . . , n while a = 0, . . . , n .
The matrix ηab is the inverse of the Minkowski flat metric ηab that we choose in the
mostly minus convention:
ηab =
(
1 0
0 −1
)
, (5)
3 here and in the following, we will adopt natural units, where c = ~ = 1
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where 1 ≡ 1n is a n × n diagonal identity matrix, the value of n depending on the
space dimension. In terms of the above γa matrices, the previous equation (1) can be
rewritten in the compact form:
(i γa∂a −m1) ψ(x) = 0 , (6)
where, for the sake of notational simplicity, we have omitted the spinorial indices of
ψ ≡ ψα and γa = (γa)αβ . Spinors are objects that transform as scalars under the
general space-time coordinate transformations and in a spinor representation R under
the local Lorentz group, so that one can write
ψ′α(x) = R[Λ(x)]α
β
ψβ(x) . (7)
Using the explicit form of the Lorentz group generators to construct the Pauli-Lubanski
operator, it can be easily shown that the particle described by the Dirac equation has
spin s = 12 .
2.2 Curved spaces
Einstein’s theory of gravity is based on the symmetry principle of invariance under
general coordinate transformations, seen as local space-time transformations generated
by the local translation generators. In this background, the gravitational force can be
modelled and described from a geometric point of view in terms of the curvature of
space-time. Therefore, one must introduce some new tools in order to conveniently
describe general relativity and spinorial objects transformation rules (generalized to
curved backgrounds). This can be nicely done through the vielbein formalism [46, 47].
2.2.1 Vielbein formalism
Consider a set of coordinates that is locally inertial, so that one can apply the usual
Lorentz behaviour of spinors, and imagine to find a way to translate back to the original
coordinate frame. More precisely, let ya(x0) denote a coordinate frame that is inertial
at the space-time point x0: we shall call these the “Lorentz” coordinates. Then,
eµ
a(x) =
∂ya(x0)
∂xµ
∣∣∣∣
x=x0
(8)
define the so-called vielbein. It defines a local set of tangent frames of the space-time
manifold and, under general coordinate transformations, it transforms covariantly as
e′µ
a
(x′) =
∂xν
∂x′µ
eν
a(x) , (9)
while a Lorentz transformation leads to
e′µ
a
(x) = eµ
b(x) Λ
a
b . (10)
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In particular, the space-time metric can be expressed as
gµν(x) = eµ
a(x) eν
b(x) ηab , (11)
in terms of the Minkowski flat metric ηab . We can convert the constant γa matrices of
the inertial frame into γ¯µ matrices in the curved frame by the action of the vielbein:
Curved γ¯
matrices
γ¯µ(x) = eµ
a γa , (12)
while the inverse vielbein ea
µ performs the transformation in the other direction. The
vielbein thus takes Lorentz (or “flat”) latin indices to indices in the coordinate basis (or
“curved”) greek indices.
The gamma matrices with upper index
γ¯µ(x) = gµν γ¯ν , (13)
satisfy the relation:
{γ¯µ, γ¯ν} = 2 gµν 1 , (14)
that holds in curved background and is the equivalent form of previous (4).
Covariant derivative, spin connection. The choice of the locally inertial frame ya
is unique up to Lorentz transformations given by the Lorentz generators Mab . In order
to couple fields, we can define Lorentz covariant derivatives:
Dµ = ∂µ + 1
4
ωµ
abMab , (15)
where
Mab =
1
2
[γa, γb] . (16)
The ωµ
ab object defines the spin connection, that can be seen as the gauge field of the
local Lorentz group and is determined through the vielbein postulate (tetrad covariantly
constant) [48]:
Dµeνa − Γµνλ eλa = 0 , (17)
written in terms of the affine connection Γµν
λ
Γµν
λ =
1
2
gσλ (∂µgνσ + ∂νgµσ − ∂σgµν) . (18)
The spin connection can be explicitly written as
ωµ
ab = eν
a ∂µe
νb + eν
a Γµλ
ν eλb . (19)
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2.2.2 Example: cylindrical space
For our purposes, it can be instructive to derive an explicit example of parametrization
for a geometrical space consisting of a 2D-surface (cylindrically) wrapped around itself
several times. The symmetry of the chosen space together with the periodicity on the
angular coordinate, will lead to a particular form for the solution of the Dirac equation,
in addition to a quantization condition on the transverse component of the electron
momentum.
The parametrization can be done in terms of three-dimensional spacetime coordi-
nates xµ
(3)
:
xa
(4)
≡ xa = (t, x, y, z) ⇒ xµ
(3)
≡ xµ = (t, ϕ, z) , (20)
and, using cylindrical coordinates, one can write
x = r(ϕ) cos(ϕ) ,
y = r(ϕ) sin(ϕ) ,
z = z ,
(21)
where we have considered a possible ϕ-dependence for the radius. The Jacobian can be
written as
J
a
µ =
∂xa
∂xµ
=

1 0 0
0 −r(ϕ) sin(ϕ) + r′(ϕ) cos(ϕ) 0
0 +r(ϕ) cos(ϕ) + r′(ϕ) sin(ϕ) 0
0 0 1
 , (22)
where r′(ϕ) ≡ ∂r(ϕ)
∂ϕ
.
The metric gµν of the curved space has the form:
gµν =
(
J
a
µ
)t
ηab J
b
ν =
 1 0 00 −r(ϕ)2 − r′(ϕ)2 0
0 0 −1
 , (23)
so that the line element is written as
ds2
(c)
= gµν dx
µdxν = dt2 − dϕ2
(
r(ϕ)2 + r′(ϕ)2
)
− dz2 . (24)
The vielbeins can be easily parameterized as
eµ
a =
 1 0 00 −√r(ϕ)2 + r′(ϕ)2 0
0 0 −1
 . (25)
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Gamma matrices. In a three-dimensional (flat) spacetime, a possible set of gamma
matrices can be written in terms of the Pauli matrices as
γa =
{
σ3 , −iσ1 , iσ2
}
=
{ (
1 0
0 −1
)
,
(
0 −i
−i 0
)
,
(
0 1
−1 0
) }
, (26)
and one can easily verify that the matrices γa = ηabγb satisfy the Clifford algebra (4).
The curved γ¯ matrices for the cylindrical space can be obtained using the vielbein
as:
γ¯µ = eµ
a γa =
{ (
1 0
0 −1
)
,
(
0 i f(ϕ)
i f(ϕ) 0
)
,
(
0 −1
1 0
) }
, (27)
with
f(ϕ) =
√
r(ϕ)2 + r′(ϕ)2 . (28)
The reader can check that the upper indexed gamma matrices γ¯µ = gµν γ¯ν satisfy the
Clifford algebra (14) for curved spaces.
2.3 Solution of Dirac equation in cylindrical space
In the previous section we have seen how to modify the flat γ matrices and the derivative
term of the Dirac equation to describe the dynamics in curved spaces.
Let us now consider the case of the above cylindrical surface of Sect. 2.2.2. The
Dirac equation in curved space is written as:
(i γ¯µDµ −m1) Ψ = 0 , (29)
where the γ¯ matrices have been explicitly obtained in (27) and the covariant derivative
has been defined in (15). Because of the particular symmetry of the chosen space, the
spin connection vanishes, so that the curved Dirac equation simplifies in:
(i γ¯µ∂µ −m1) Ψ = 0 . (30)
The solution of the above equation can be written as:
Ψ = e−i λE t
(
Φa(ϕ, z)
Φb(ϕ, z)
)
, (31)
where
Φa(ϕ, z) = Cλ ei kϕ
∫ ϕ
f(ϕ′) dϕ′ ei kz z ,
Φb(ϕ, z) = Cλ ei kϕ
∫ ϕ
f(ϕ′) dϕ′ ei kz z
i kϕ + kz
λE +m
,
(32)
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with
Cλ =
√
λE +m
2E
, f(ϕ) =
√
r(ϕ)2 + r′(ϕ)2 , λ = ±1 , (33)
and where the value of λ labels hamiltonian eigenstates having positive or negative
eigenvalues. The reader can verify that the above solution satisfies the Dirac equation
(30) together with the on-shell condition:
E2 = ~k2 +m2 , ~k = (kϕ, kz) . (34)
Quantization of the momentum. The periodicity condition on the angular coor-
dinate of the cylindrical surface can be expressed as
ϕ = ϕ+ 2pin , n ∈ N . (35)
If we want periodic solutions in ϕ, the exponential factor in (32)
ei kϕ
∫ ϕ
f(ϕ′) dϕ′ ≡ ei ϑ(ϕ) , (36)
must satisfy:
ϑ(2pi)− ϑ(0) = 2pin , n ∈ N . (37)
This leads to the definition of a geometrical factor ζ
ζ ≡
∫ 2pi
0
f(ϕ′) dϕ′ =
2pin
kϕ
, (38)
coinciding with the cylinder circumference, from which follows the quantization condi-
tion for the kϕ-momentum:
kϕ =
2pin
ζ
. (39)
3 Optical properties
Now we can study some physical, measurable properties of a graphene curved surface,
whose charge carriers are described by a massless Dirac spectrum, using the mathemat-
ical tools developed in the previous Sect. 2.2. In particular, we will be interested in
getting the optical conductivity of a graphene layer and obtaining a general formula for
the polarization angle of refractive waves.
3.1 Conductivity
Our starting point is the Kubo formula [49–52] adapted to a bidimensional background:
Kubo
formula
σµν = i
IS
Ω
∑
α,β
Ffd(Eα − µ¯c) − Ffd(Eβ − µ¯c)
Ω− Ωαβ − i  vµ
αβ vν
βα . (40)
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In the above formula, Ffd(Υ) is the Fermi-Dirac function
Ffd(Υ) = 1
1 + eΥ/(kbT )
, (41)
kb is the Boltzmann constant, µ¯c is the chemical potential, Ω is the light energy,
Ωαβ = Eβ − Eα is the transition energy, IS = IS(e, S) is a prefactor depending on
electric charge of the particle and layer dimension S,  is an infinitesimal quantity.
Finally, vµ
αβ are the matrix elements of the velocity operator vˆµ:
vµ
αβ = 〈α| vˆµ |β〉 . (42)
The operator vˆµ can be obtained from the standard quantum mechanics formula
vˆµ = i
[
Hˆ, xˆµ
]
. (43)
In this regard, the explicit formula of the Hamiltonian is needed. In Sect. 4 we will
discuss the case of a graphene cylindrical geometry.
Longitudinal conductivity. Let us now focus on the longitudinal optical conduc-
tivity, namely:
σµµ = i
IS
Ω
∑
α,β
Ffd(Eβ − µ¯c) − Ffd(Eα − µ¯c)
Ω− Ωαβ − i 
∣∣vµαβ∣∣2 . (44)
For infinitesimal  , we have
g(x)
x+ i 
=
g(x)
x
− i pi δ(x) g(x) with → 0 , (45)
and the real part of the optical conductivity can thus be expressed as:
Re[σµµ] =
pi IS
Ω
∑
α,β
∆(Eα, Eβ, µ¯c)
∣∣vµαβ∣∣2 δ(Ω− Ωαβ) , (46)
with
∆
(
Eα, Eβ, µ¯c
)
= Ffd(Eβ − µ¯c)−Ffd(Eα − µ¯c) . (47)
The Dirac delta acts as an energy conservation constraint that has to be solved, together
with the on-shell condition (34), to fix the momentum values. In fact, one can write in
general:
δ
(
Ω− Ωαβ(k)
) ≡ δ(g(k)) = ∑
k0
δ(k − k0)∣∣g′(k0)∣∣ , (48)
where we have made explicit the dependence of the energy transition Ωαβ on the value
of the k-component of the momentum, and where the sum is performed over the values
k0 that are roots of the Dirac delta argument g(k), i.e. the values satisfying the energy
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conservation constraint Ω = Ωαβ.
One can thus obtain a new form for the real part of the optical conductivity that
can be written as:
Re[σµµ] =
pi IS
Ω
∑
α,β
∆(Eα, Eβ, µ¯c)
∣∣vµαβ∣∣2 W(Ω) δ(k − k0) , (49)
with
W(Ω) = 1∣∣∣∣dΩαβdk (k0)
∣∣∣∣ . (50)
3.2 Polarization
Once the conductivity is given, it is also possible to write, for normal incident light on
a graphene layer, the reflection and transmission coefficients as [53–55]
R = Z(2) − Z(1) − Z(1) Z(2) σµµ
Z(2) + Z(1) + Z(1) Z(2) σµµ
, (51)
T = 1 +R = 2Z(2)
Z(2) + Z(1) + Z(1) Z(2) σµµ
. (52)
where Z(n) =
√
µn
n
is the impedence of each medium. The reflection and transmission
probability (reflectance and transmittance [56]) are then given by the square of the
previous expressions:
r¯ = R2 , t¯ = T 2 . (53)
4 Graphene cylindrical layer
Let us consider the previous graphene layer cylindrically wrapped around itself, whose
geometrical properties have been described in Sect. 2.2.2. In what follows, we can safely
consider massless particles (m = 0) [19, 20], to better appreciate the properties due to
geometric effects of the curved surface.
4.1 Geometrical analysis
To find a final expression for the real part of the optical conductivity, we need an explicit
expression for the velocity operators matrix element (42) and for the W(Ω) function of
eq. (50).
Hamiltonian and velocity operators. The Hamiltonian of the cylindrical curved
graphene can be read from the Dirac equation, taking into account the Schrodinger
equation
i ∂tΨ = Hˆ Ψ . (54)
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Using the explicit form of the gµν inverse metric and of the curved gamma matrices,
one can isolate the 0-term of the Dirac equation (30) with m = 0, obtaining
i ∂tΨ = i
(
γ¯0 γ¯1
f(ϕ)2
∂ϕ + γ¯0 γ¯2 ∂z
)
Ψ , (55)
and, therefore, the cylindrical space Hamiltonian operator is obtained as:
Hˆcyl = i
γ¯0 γ¯1
f(ϕ)2
∂ϕ + i γ¯0 γ¯2 ∂z . (56)
Now it is possible to infer the form of the velocity operator from
vˆµ = i
[
Hˆcyl , xˆµ
]
, (57)
obtaining:
Velocity
operators
vˆϕ = − γ¯0 γ¯1
f(ϕ)2
=
γ0γ1
f(ϕ)
, (58.i)
vˆz = − γ¯0 γ¯2 = γ0γ2 , (58.ii)
in terms of the flat gamma matrices (26).
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Velocity operator matrix elements. The final expression for the matrix elements
vµ
αβ = 〈Ψ′α | vˆµ |Ψβ 〉 (59)
that appear in the real part of the optical conductivity (46) is calculated using the
explicit solution Ψα given in (31)-(33) and the velocity operators obtained in (58).
We decide to label the solution Ψα in terms of the natural number n, related to the
quantization condition (39), and Hamiltonian label eigenvalue λ:
Ψα ≡ Ψ(λ,n) , (60)
and obtain, for the vˆϕ operator, the matrix element
vϕ
αβ = 2pi Cλ Cλ′
(−i kz + kϕ
λE
+
i kz + k
′
ϕ
λ′E′
)
Gϕ(n, n
′) , (61)
with
Gϕ(n, n
′) =
∫ 2piN
0
dϕ
e
i
2pi(n−n′)
ζ
N
∫ ϕ
dϕ′f(ϕ′)
f(ϕ)
, (62)
and
ζN ≡
∫ 2piN
0
f(ϕ′) dϕ′ . (63)
The number N takes into account the wingdings of the graphene layer wrapped around
itself [57]. From a physical point of view, however, it acts as a momentum cut-off, just
limited by the validity of the (long wavelength) continuum approximation. This means
that the number N must be small when compared with the circumference of the cylinder
divided graphene lattice spacing (N  2piR/a).
The matrix element is used within the formula (49) to obtain the real part of the
optical conductivity, together with the constraint ensured by the presence of the Dirac
delta. The solution of the latter, i.e. Ω = Ωαβ(kz), fixes the value of the kz component
in the massless case to the value k0z (see formula (48)):
kz → k0z =
√√√√(k2ϕ − k′ 2ϕ )2 − 2(k2ϕ + k′ 2ϕ )Ω2 + Ω4
4 Ω2
. (64)
where, for the kϕ-component, we use the adapted version of (39):
kϕ =
2pin
ζN
, k′ϕ =
2pin′
ζN
. (65)
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In the same way, the matrix element for the vˆz operator is calculated and reads:
vz
αβ = 2pi Cλ Cλ′
(
i kϕ + kz
λE
+
−i k′ϕ + kz
λ′E′
)
Gz(n, n
′) , (66)
with
Gz(n, n
′) =
∫ 2piN
0
dϕ e
i
2pi(n−n′)
ζ
N
∫ ϕ
dϕ′f(ϕ′)
, (67)
where, again, kz is fixed to the value k
0
z and kϕ and k
′
ϕ are those of eq. (65).
The explicit form of the layer-surface parametrization given in Sect. 2.2.2 can be
used to calculate, through the factor f(ϕ), the functions Gϕ(n, n
′), Gz(n, n′) that
modulate the amplitude of the velocity operator matrix elements, and obtain an explicit
result for the real part of the optical conductivity (49).
The W(Ω) function of eq. (50), in the massless case, has the explicit form:
W(Ω) = (k0z)−1
(
1
λE0
+
1
λ′E′0
)−1
; E0 ≡ E
∣∣
kz=k
0
z
. (68)
Finally, we obtain a new compact expression for the real part of the longitudinal optical
conductivity (46) in cylindrical geometry, with explicit form:
Re[σϕϕ] =
pi IS
Ω
∑
α,β
∆(Eα, Eβ, µ¯c) W(Ω)
∣∣vϕαβ∣∣2 , (69.i)
Re[σzz] =
pi IS
Ω
∑
α,β
∆(Eα, Eβ, µ¯c) W(Ω)
∣∣vzαβ∣∣2 , (69.ii)
where the function ∆(Eα, Eβ, µ¯c) is defined in eq. (47). As in formula (60), the labels
α = (λ′, n′) and β = (λ, n) are related to Hamiltonian energy eigenvalues λ, λ′ = ±1
and natural numbers n, n′ ∈ [1, N ] .
4.2 Analysis and experimental predictions
The structure of formula (69) determines the behaviour of the optical conductivity for
our graphene cylindrical layer.
The functions Gϕ, Gz are geometrical factors related to the form of the manifold
describing the graphene sample, and modulate the amplitude of Re[σ]. In the case under
consideration, they only depend on the number of wingdings of the graphene layer and
on the chosen parametrization r(ϕ) of the surface.
The function W(Ω) of eq. (68) exhibits a pole at the energy values Ω0 for which k0z
vanishes:
k0z = 0 ⇒ Ω0 =
∣∣∣∣2pi(n± n′)ζN
∣∣∣∣ , n+ n′ ≤ N , (70)
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suggesting a certain number of singularities for the optical conductivity, leading to a
possible peak structure4,5.
In the case of intraband transition, that is between states with same energy eigen-
values (λλ′ = 1), the factor ∆ [Eα, Eβ, µ¯c] strongly suppresses in general the value of
Re[σintra], according to Pauli exclusion principle. In particular, in case of flat graphene
sheet (n = n′), the intraband conductivity would vanish. However, in a curved graphene
sample, we can find intraband transition with n 6= n′, that is between different quantum
states. This means that Re[σintra] is a suppressed quantity, except for transition having
n 6= n′ and energy values Ω ≈ Ω0 approaching the poles of the W(Ω) function. We
therefore expect a narrow peak structure for the real part of the optical conductivity
for small values of Ω, the peaks coinciding with the poles of eq. (70).
In the case of interband transition, i.e. transition between states with different
energy eigenvalues (λλ′ = −1), the matrix element ∣∣vinterϕ ∣∣ vanishes for Ω = Ω0, giving
us:
lim
Ω→Ω0
∣∣vinterϕ (Ω)∣∣2 W(Ω) = 0 , (71)
cancelling the poles of theW(Ω) function and leading to a minimum for the optical con-
ductivity Re[σinterϕϕ ]. The latter is therefore expected to reflect the quantization process
(65) of the kϕ-momentum with a number of oscillation related to the number N , i.e.
to the geometry of our sample. On the contrary, the matrix element
∣∣vinterz ∣∣ is different
from zero for Ω = Ω0, leaving the poles of the W(Ω) function: this suggest again a
strongly peaked configuration for Re[σinterzz ].
Obviously, in both interband and intraband case, the conductivity will be sup-
pressed for very large values of Ω.
Example. Let us consider the following parametrization for the cylindrical geometry
of our graphene sample:
r(ϕ) = R
(
1− 1
2pi
ϕ
DN
)2
, (72)
where the coefficient D determines the distance between different layers and R is a
typical dimension for the average radius of the cylinder.
4 singularities arising from W(Ω) in the real graphene sample are partially removed by internal
disorder such as carrier density inhomogeneity and imperfections of the sample itself, leaving only a
multiple peak configuration for the conductivity
5 internal disorder of the sample can be simulated, in the calculations, by performing an ensemble
averaging over a distribution of the model parameters [54]
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Figure 1 : Parametric plot for
r(ϕ)
R
with D = 120
The functions Gϕ and Gz can be explicitly obtained using (62) and (67) once fixed
the number of wingdings and the parameter D.
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Figure 2 : Example of the Gϕ(n, n
′) function for N = 6, D = 120 .
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Figure 3 : Example of the Gz(n, n
′) function for N = 6, D = 120 .
The poles of the W(Ω) function can be found using (70) and, choosing R = 90 nm,
N = 6 and D = 120, one obtains:
Ω0 = p × 0.368 eV , p = 1, 2, 3, . . . , 12 . (73)
This means that we can expect significant optical responses from our graphene sample
in a range of energy [0.3÷ 4.5] eV, that is, an interval including the visible light energy
range.
5 Conclusions
We have seen how the curved space formalism can be used to describe the peculiar
massless Dirac spectrum of graphene charge carriers. In particular, we focused on a
particular sample geometry, having cylindrical symmetry. The resulting formulation
leads to a modified Dirac equation, whose solution is used to obtain the matrix tran-
sition elements for the velocity operators. The particular geometry of the manifold,
represented by the graphene sheet, gives also a suitable quantization rule for the mo-
mentum component kϕ. Finally, the matrix elements define a final expression for the
Kubo conductivity, and its simple form can be used for experimental predictions to be
tested.
In Section 4 we have seen how the obtained Kubo formula can be used to infer the
optical properties of the cylindrical graphene sample and, in Section 4.2, we have also
shown how a suitable choice for the parametrization can result in a physical response
of the sample in particular ranges of energy, including the visible light interval. In this
regard, experimental observations are currently taking place.
The whole procedure applies in general to different graphene geometries, and can
be suitably and simply modified to describe various symmetric spaces describing the
curved graphene sheet.
17
Acknoledgments
I would like to thank professors Francesco Laviano, Mario Trigiante and Giovanni Um-
marino for their extremely helpful advice and support during the preparation of this
paper.
The publication is available at Springer via https://doi.org/10.1140/epjp/i2019-12610-6
18
References
[1] W. H. Zurek, “Cosmological experiments in condensed matter systems”, Phys.
Rept. 276 (1996) 177–221. [p. 2]
[2] G. E. Volovik, “Superfluid analogies of cosmological phenomena”, Phys. Rept.
351 (2001) 195–348. [p. 2]
[3] C. Ba¨uerle, Y. M. Bunkov, S. Fisher, H. Godfrin, and G. Pickett, “Laboratory
simulation of cosmic string formation in the early universe using superfluid 3he”,
Nature 382 (1996), n. 6589, 332. [p. 2]
[4] J. M. Maldacena, “The Large N limit of superconformal field theories and
supergravity”, Int.J.Theor.Phys. 38 (1999) 1113–1133, [hep-th/9711200]. [p. 2]
[5] E. Witten, “Anti-de Sitter space and holography”, Adv. Theor. Math. Phys. 2
(1998) 253–291, [hep-th/9802150]. [p. 2]
[6] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators
from noncritical string theory”, Phys. Lett. B428 (1998) 105–114,
[hep-th/9802109]. [p. 2]
[7] G. Modanese, “Theoretical analysis of a reported weak-gravitational-shielding
effect”, EPL (Europhysics Letters) 35 (1996), n. 6, 413. [p. 2]
[8] M. Agop, C. G. Buzea, and P. Nica, “Local gravitoelectromagnetic effects on a
superconductor”, Physica C: Superconductivity 339 (2000), n. 2, 120–128. [p. 2]
[9] G. A. Ummarino and A. Gallerati, “Superconductor in a weak static gravitational
field”, Eur. Phys. J. C77 (2017), n. 8, 549. [p. 2]
[10] V. Ruutu, V. Eltsov, A. Gill, T. Kibble, M. Krusius, Y. G. Makhlin, B. Placais,
G. Volovik, and W. Xu, “Vortex formation in neutron-irradiated superfluid 3he as
an analogue of cosmological defect formation”, Nature 382 (1996), n. 6589, 334.
[p. 2]
[11] A. Vilenkin and E. P. S. Shellard, “Cosmic strings and other topological defects”.
Cambridge University Press, 2000. [p. 2]
[12] J. C. Teo and C. L. Kane, “Topological defects and gapless modes in insulators
and superconductors”, Physical Review B 82 (2010), n. 11, 115120. [p. 2]
[13] J. Rodriguez-Laguna, L. Tarruell, M. Lewenstein, and A. Celi, “Synthetic Unruh
effect in cold atoms”, Phys. Rev. A95 (2017), n. 1, 013627, [arXiv:1606.0950].
[p. 2]
[14] A. Kosior, M. Lewenstein, and A. Celi, “Unruh effect for interacting particles
with ultracold atoms”, SciPost Phys. 5 (2018) 061, [arXiv:1804.1132]. [p. 2]
19
[15] M. Vozmediano, M. Katsnelson, and F. Guinea, “Gauge fields in graphene”,
Physics Reports 496 (2010), n. 4–5, 109 – 148. [p. 2, 3]
[16] A. Cortijo and M. A. Vozmediano, “Effects of topological defects and local
curvature on the electronic properties of planar graphene”, Nuclear Physics B 763
(2007), n. 3, 293–308. [p. 2]
[17] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov, “Electric field effect in atomically thin carbon
films”, Science 306 (2004), n. 5696, 666–669. [p. 2]
[18] K. Novoselov, D. Jiang, F. Schedin, T. Booth, V. Khotkevich, S. Morozov, and
A. Geim, “Two-dimensional atomic crystals”, Proceedings of the National
Academy of Sciences of the United States of America 102 (2005), n. 30,
10451–10453. [p. 2]
[19] K. Novoselov, A. K. Geim, S. Morozov, D. Jiang, M. Katsnelson, I. Grigorieva,
S. Dubonos, and A. Firsov, “Two-dimensional gas of massless dirac fermions in
graphene”, Nature 438 (2005), n. 7065, 197–200. [p. 2, 11]
[20] V. Gusynin, S. Sharapov, and J. Carbotte, “Unusual microwave response of dirac
quasiparticles in graphene”, Physical Review Letters 96 (2006), n. 25, 256802.
[p. 2, 11]
[21] A. C. Neto, F. Guinea, N. M. Peres, K. S. Novoselov, and A. K. Geim, “The
electronic properties of graphene”, Reviews of modern physics 81 (2009), n. 1,
109. [p. 2]
[22] M. Katsnelson and K. Novoselov, “Graphene: New bridge between condensed
matter physics and quantum electrodynamics”, Solid State Communications 143
(2007), n. 1, 3–13. [p. 2]
[23] A. K. Geim and K. S. Novoselov, “The rise of graphene”, Nature materials 6
(2007), n. 3, 183. [p. 2]
[24] A. Iorio and G. Lambiase, “Quantum field theory in curved graphene spacetimes,
Lobachevsky geometry, Weyl symmetry, Hawking effect, and all that”, Phys. Rev.
D90 (2014), n. 2, 025006, [arXiv:1308.0265]. [p. 2, 3]
[25] O. Boada, A. Celi, J. I. Latorre, and M. Lewenstein, “Dirac Equation For Cold
Atoms In Artificial Curved Spacetimes”, New J. Phys. 13 (2011) 035002,
[arXiv:1010.1716]. [p. 2]
[26] Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, “Experimental observation of
the quantum hall effect and berry’s phase in graphene”, Nature 438 (2005),
n. 7065, 201–204. [p. 3]
20
[27] C. L. Kane and E. J. Mele, “Quantum spin hall effect in graphene”, Physical
Review Letters 95 (2005), n. 22, 226801. [p. 3]
[28] S. Morozov, K. Novoselov, M. Katsnelson, F. Schedin, L. Ponomarenko, D. Jiang,
and A. Geim, “Strong suppression of weak localization in graphene”, Physical
Review Letters 97 (2006), n. 1, 016801. [p. 3]
[29] N. Levy, S. Burke, K. Meaker, M. Panlasigui, A. Zettl, F. Guinea, A. C. Neto,
and M. Crommie, “Strain-induced pseudo–magnetic fields greater than 300 tesla
in graphene nanobubbles”, Science 329 (2010), n. 5991, 544–547. [p. 3]
[30] A. Iorio and G. Lambiase, “The Hawking-Unruh phenomenon on graphene”,
Phys. Lett. B716 (2012) 334–337, [arXiv:1108.2340]. [p. 3]
[31] S. Stankovich, D. A. Dikin, G. H. Dommett, K. M. Kohlhaas, E. J. Zimney, E. A.
Stach, R. D. Piner, S. T. Nguyen, and R. S. Ruoff, “Graphene-based composite
materials”, Nature 442 (2006), n. 7100, 282. [p. 3]
[32] M. Katsnelson, K. Novoselov, and A. Geim, “Chiral tunnelling and the klein
paradox in graphene”, Nature Physics 2 (2006), n. 9, 620–625. [p. 3]
[33] N. Stander, B. Huard, and D. Goldhaber-Gordon, “Evidence for klein tunneling in
graphene p- n junctions”, Physical Review Letters 102 (2009), n. 2, 026807. [p. 3]
[34] G. W. Gibbons, “Vacuum polarization and the spontaneous loss of charge by black
holes”, Communications in Mathematical Physics 44 (1975), n. 3, 245–264. [p. 3]
[35] N. Dombey and A. Calogeracos, “Seventy years of the klein paradox”, Physics
Reports 315 (1999), n. 1, 41–58. [p. 3]
[36] F. Belgiorno and M. Martellini, “Quantum properties of the electron field in
kerr–newman black hole manifolds”, Physics Letters B 453 (1999), n. 1, 17–22.
[p. 3]
[37] J. Gonza´lez, F. Guinea, and M. A. H. Vozmediano, “Continuum approximation to
fullerene molecules”, Physical Review Letters 69 (1992), n. 1, 172. [p. 3]
[38] D. Kolesnikov and V. Osipov, “The continuum gauge field-theory model for
low-energy electronic states of icosahedral fullerenes”, The European Physical
Journal B - Condensed Matter and Complex Systems 49 (2006), n. 4, 465–470.
[p. 3]
[39] D.-H. Lee, “Surface states of topological insulators: The dirac fermion in curved
two-dimensional spaces”, Physical Review Letters 103 (2009), n. 19, 196804. [p. 3]
[40] J. Gonzalez, F. Guinea, and M. A. H. Vozmediano, “The electronic spectrum of
fullerenes from the Dirac equation”, Nucl. Phys. B406 (1993) 771–794. [p. 3]
21
[41] J. Gonza´lez, F. Guinea, and M. A. Vozmediano, “Theoretical aspects of
fullerenes”, International Journal of Modern Physics B 7 (1993), n. 26,
4331–4352. [p. 3]
[42] V. Osipov and D. Kolesnikov, “Electronic properties of curved carbon
nanostructures”, Romanian Journal of Physics 50 (2005), n. 3/4, 457. [p. 3]
[43] A. Morpurgo and F. Guinea, “Intervalley scattering, long-range disorder, and
effective time-reversal symmetry breaking in graphene”, Physical review letters 97
(2006), n. 19, 196804. [p. 3]
[44] M. E. Peskin and D. V. Schroeder, “An Introduction to quantum field theory”.
Addison-Wesley, Reading, USA, 1995. [p. 4]
[45] R. D’Auria and M. Trigiante, “From Special Relativity to Feynman Diagrams”.
Springer International, 2011. [p. 4]
[46] R. D’Auria and P. Fre, “Geometric Supergravity in d = 11 and Its Hidden
Supergroup”, Nucl.Phys. B201 (1982) 101–140. [p. 5]
[47] L. Castellani, R. D’Auria, and P. Fre, “Supergravity and superstrings: A
Geometric perspective. Vol. 1-2-3”. World Scientific, 1991. [p. 5]
[48] M. Green, J. Schwarz, and E. Witten, “Superstring theory”. Cambridge
University Press, Cambridge, 1987. [p. 6]
[49] R. Kubo, “A general expression for the conductivity tensor”, Canadian Journal of
Physics 34 (1956), n. 12A, 1274–1277. [p. 9]
[50] R. Kubo, “Statistical-mechanical theory of irreversible processes. i.”, Journal of
the Physical Society of Japan 12 (1957), n. 6, 570–586. [p. 9]
[51] G. D. Mahan, “Many-particle physics”. Springer Science & Business Media, 2013.
[p. 9]
[52] A. Chaves, T. Frederico, O. Oliveira, W. De Paula, and M. Santos, “Optical
conductivity of curved graphene”, Journal of Physics: Condensed Matter 26
(2014), n. 18, 185301. [p. 9]
[53] G. W. Hanson, “Dyadic green’s functions and guided surface waves for a surface
conductivity model of graphene”, Journal of Applied Physics 103 (2008), n. 6,
064302. [p. 11]
[54] F. Hipolito, A. Chaves, R. Ribeiro, M. Vasilevskiy, V. M. Pereira, and N. Peres,
“Enhanced optical dichroism of graphene nanoribbons”, Physical Review B 86
(2012), n. 11, 115430. [p. 11, 15]
22
[55] L. Falkovsky and S. Pershoguba, “Optical far-infrared properties of a graphene
monolayer and multilayer”, Physical Review B 76 (2007), n. 15, 153410. [p. 11]
[56] C. F. Bohren and D. R. Huffman, “Absorption and scattering of light by small
particles”. John Wiley & Sons, 2008. [p. 11]
[57] X. Xie, L. Ju, X. Feng, Y. Sun, R. Zhou, K. Liu, S. Fan, Q. Li, and K. Jiang,
“Controlled fabrication of high-quality carbon nanoscrolls from monolayer
graphene”, Nano letters 9 (2009), n. 7, 2565–2570. [p. 13]
23
